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ABSTRACT: The apparent orders of the Lewis acid-catalyzed
esterification reactions between castor oil and oleic acid are
known to change with the catalyst used and with the reaction
temperature. A mechanism is proposed in this study to explain
the variations (with temperature) in the apparent orders of the
cobalt chloride-catalyzed esterification reaction between castor
oil and oleic acid. According to the proposed mechanism, an
acid-catalyst intermediate forms in an initial, fast quasi-equilib-
rium step, and this intermediate then reacts with the oil to yield
the products and to regenerate the catalyst in the rate-determin-
ing second step. A general rate expression, with an acid con-
centration term and a temperature-dependent constant in the
denominator, is derived from the proposed mechanism and is
verified with data obtained at different temperatures.
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Castor oil may undergo many reactions due to the presence
of hydroxy! groups in addition to olefinic linkages in its struc-
ture (1,2). Among these, esterification reactions that can be
used for the production of many industrially important prod-
ucts, such as nondrying alkyd resins and materials with dry-
ing oil properties, have special importance (3-6).

Kinetic studies on the conventional esterification of castor
oil or ricinoleic acid are limited (7-9). The uncatalyzed ester-
ification reaction between castor oil and oleic acid was ob-
served to follow third-order kinetics in a study, where the re-
action was also carried out in the presence of added catalysts,
such as potassium hydroxide, p-toluene sulfonic acid, and tin
chloride (8). Potassium hydroxide showed essentially no cat-
alytic activity, while p-toluene sulfonic acid was somewhat
more effective. Tin chloride, which was previously reported
(10) to have an outstanding catalytic activity in the esterifica-
tion between glycerol and peanut oil fatty acids, was the most
effective catalyst. The total order of reaction decreased to two
in the presence of tin chloride (8).

In a recent study, the effects of two Lewis acid catalysts,
tin chloride and cobalt chloride, on the kinetics of the esterifi-
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cation reaction between castor oil and oleic acid were investi-
gated in more detail (9). Uncatalyzed and catalyzed reactions
were carried out both in the presence of excess oil and with
equivalent amounts of reactants at various temperatures in the
range of 200-250°C. The reaction, with respect to castor oil
concentration, was first-order in all cases, whereas with acid
concentration, the reaction was observed to change from sec-
ond-order for the uncatalyzed reaction to first-order for tin
chloride-catalyzed, and to zero-order for cobalt chloride-cat-
alyzed reactions. The order (with respect to acid) also
changed with temperature for the cobalt chloride-catalyzed
reaction. At 250°C, first-order kinetics, with respect to acid
concentration, was observed to be similar to the tin chloride-
catalyzed reaction.

The change in reaction order with temperature was also
observed by Smith and Elliott (11), who reported that the es-
terification of rosin with pentaerythritol in concentrated solu-
tion followed second-order kinetics at 260°C, whereas it ap-
peared to be third-order at 300°C. In addition, data from the
reaction, carried out at 280°C, could be fitted to either sec-
ond- or third-order rate equations. Flory (12,13) observed a
change in order with the extent of reaction in the case of poly-
esterification between dibasic acids and glycols, which he at-
tributed to a medium effect that arose from the system, be-
coming progressively less polar as the reaction proceeded.

The differences observed in the reaction orders indicate
that these are only “apparent” orders. A mechanism is pro-
posed in this study to explain the variations in the apparent
orders of the cobalt chloride-catalyzed esterification reaction
between castor oil and oleic acid with temperature. A general
kinetic expression is derived from the proposed mechanism
and is verified with data obtained at different temperatures.

EXPERIMENTAL PROCEDURES

Materials. Castor oil was obtained by cold-pressing seeds of
Turkish origin. The main characteristics of the oil were: re-
fractive index (nlz)o), 1.4780; acid value, 0.44; saponification
value, 178; hydroxyl value, 163.1; and iodine value, 84.6.
Oleic acid was of analytical grade from Riedel de Haen (Han-
nover, Germany) with an acid value of 199 and an iodine
value of 92. Other reagents were of analytical grade from
Merck (Darmstadt, Germany).
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Experimental set-up. Esterification reactions were carried
out in a four-necked flask equipped with a stirrer, a ther-
mometer, an inert gas inlet tube, and an air condenser.

Esterification of castor oil with oleic acid. Reactions were
conducted with equivalent proportions of the reactants. Cas-
tor oil was placed into the reaction flask and heated under ag-
itation to the reaction temperature. Oleic acid was heated sep-
arately to the reaction temperature and then added to the re-
action flask. The catalyst CoCl, + 6H,0 was used at 0.1%
based on oleic acid. The necessary amount of catalyst, calcu-
lated on an anhydrous basis, was initially added to the acid.
The stirring rate was adjusted to 200 rpm, and nitrogen was
passed over the surface of the reaction mixture at a rate of 200
mL/min to provide an inert atmosphere and to remove water.
Samples were withdrawn at predetermined time intervals and
cooled immediately by immersion into cold water. Acid val-
ues of the samples were determined (14). In view of the diffi-
culty of establishing the concentration in moles per liter at the
applied temperatures, the oleic acid concentration was ex-
pressed in terms of weight percentage as determined from the
acid value and equivalent weight of the acid (282). A correc-
tion for loss of water was applied to each sample.

RESULTS AND DISCUSSION

Figure 1 shows the acid concentration vs. time data for the
cobalt chloride-catalyzed reactions carried out at 200, 225,
and 250°C.

The reaction is assumed to be irreversible under the ap-
plied conditions, as found in previous studies employing sim-
ilar reaction conditions (8,9,15). Integral method was applied
to determine the total order of reaction in each case, and the
quality of the fit was judged based on the values of the coeffi-
cient of determination and the standard error of estimate
(16,17). The reaction followed first-order kinetics at 200 and
225°C, but second-order kinetics at 250°C, as was expected

% Acid (by wt)
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FIG. 1. Change of oleic acid concentration with time: A, 200°C; O,
225°C; &, 250°C.
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from previous work (9). It also is known (from previous
work) that the order, with respect to acid concentration,
changes with the increase in temperature from 0 to 1, whereas
the order, with respect to castor oil, is one for all cases.

It is clear that the changes in the apparent orders should be
explained by the reaction mechanism. The variation with tem-
perature of the apparent order, with respect to acid, suggests
a more general kinetic expression of the following form for
the cobalt chloride-catalyzed reaction, where there is an acid
concentration term, C,, and a temperature-dependent con-
stant, K|, in the denominator:

_ke,6 1
ET1+K,C, (1]

A kinetic expression of this form, where Fp is the rate of
esterification, Co the oil concentration, and K another con-
stant, will result from the two-step mechanism given next,
where an acid-catalyst intermediate forms in a fast, quasi-
equilibrium step (Eq. 2), and the rate-limiting slow step
(Eq. 3) is the formation of ester and water and regeneration
of the catalyst, by the reaction between the oil and this inter-
mediate.

k
A+C<——‘;—> AC*(fast) [2]

kl
ACH*+0—52 5 E+ W + C(slow) 3]

A similar mechanism also has been proposed for the
Broensted acid-catalyzed esterification (18). According to
this mechanism, rate of ester formation can be expressed by
the following equation:

rp=kCacCo [4]
From the quasi-equilibrium condition:

Cacr =K C4Cc 51
where K| is the equilibrium constant of the first reaction and
C is the available catalyst concentration, which is equal to
the difference of the total catalyst concentration, Cers and the

concentration of the catalyst combined with the acid, C Ao at
any time as given by Equation 6:

Co=Cor=Cyex (6]
Combining Equations 5 and 6 and solving for C. lead to:

Ceo= _Ceor (7]
1+K,C,
By combining Equations 5 and 7 and substituting in Equation
4, the following expression is obtained, which is in the de-
sired form:

_ K1szchoCA B KCOCA
E =
1+KICA 1+K,C,

(8]
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The constant in the denominator of Equation 1 is then the
equilibrium constant of the first reaction, K |» and the constant
in the numerator is the product K| k, C.;, where k, is the spe-
cific rate of the rate-determining step, and C is the total cat-
alyst concentration. Here, the variation in the relative magni-
tudes of the two terms present in the denominator is expected
to be responsible for the observed changes in the reaction
order with respect to acid concentration.

If the amounts of acid and oil remaining in the reactor at
any time, ¢, are denoted by M ,(r) and M ,(¢), and their initial
amounts by M, and M, , respectively, the ratio of the
amount of oil consumed by the reaction to that of the acid at
any time ¢ can be written as follows:

Mo, ~Mp(1) Co =Colt) 344

M, ~M,(1) C, -C,() 282

(9]

In Equation 9, 282 and 344 are the equivalent weights of oleic
acid and castor oil, respectively. The equivalent weight of
castor oil is calculated from its hydroxyl value, whereas for
oleic acid, the equivalent weight is equal to the molecular
weight. Concentrations of the oil and acid at time ¢, C,(#) and
C4(9), respectively, and their initial values C,, and C,
are all defined as weight percentages. Solving for C,,(¢) from
the previous equation:

344

Co()=Co, +35(Ca(0=C4, [10]
On the other hand:
Cop=100-C, [11]
Substituting into Equation 10 and rearranging:
344 344
Co(t)=100—|1+—|C, +—=C,(¢ 12
olt) ( 282) 4 305 4 (1) [12]

Because equivalent reactant ratios ([OH)/[COOH] = 1:1)
were used, initial concentration of the acid was:

Cy, =—22__.100 [13]
0 344 +282
Substituting into Equation 12:
344
Co(ty==—C, (1 [14]
o()=32C, (1)

Combining Equation 14 with the rate expression:

344
K Rl

608dC, CA[zgch) [15]
282 d 1+K,C,

Solution of the differential equation yields:

11 1 | K [Ca) 344
X\, o |Tx e, e’
A L, A
The proposed mode] was tested by fitting the experimental
data given in Figure 1 into Equation 16. The calculated val-

(16]
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ues of K and K, are listed in Table 1, together with the corre-
lation coefficients of the regressions. The high values of the
correlation coefficients indicate that the model can explain
the variations in the data at all temperatures.

Because the total catalyst concentration, C-, was known
for each experiment, the value of the rate constant of the rate-
determining second step, &,, also could be calculated for each
temperature from the predicted values of K and K. The acti-
vation energy of the rate-determining step is calculated to be
29.12 kcal/mol from these specific reaction rate (k,) values,
which are listed in Table 1.

The most important finding is the change in the value of
the equilibrium constant of the first step of the reaction mech-
anism, K, with temperature in accordance with our expecta-
tions. The equilibrium constant of this quasi-equilibrium re-
action decreased to a small value at 250°C, as shown in
Table 1. The significant decrease in the value of K, resulted
in K| C, values that are 1072 times smaller above 225°C. This
decrease in the relative magnitude of the second term in the
denominator of the rate equation results in an apparent in-
crease in the reaction order with respect to the acid concen-
tration from zero to one, and in the total reaction order from
one to two, when the temperature is increased from 225 to
250°C.

The results indicate that the decomposition of the acid-cat-
alyst intermediate, AC*, is more favored at higher tempera-
tures for the cobalt chloride-catalyzed reaction, implying
higher values of the rate constant of the reverse reaction, k’l,
for the first step.

A system similar to ours is the esterification reaction of
oleic acid and oleyl alcohol with the same catalyst, cobalt
chloride, the kinetics of which were studied in considerable
detail (19,20). The catalyst concentration was observed to be
statistically insignificant at higher initial alcohol-to-acid
molar ratios (>1), whereas it had a positive influence on con-
version at lower (<1) values of this ratio (19). Additionally,
the acid conversion increased with decreasing initial acid-to-
alcohol ratio at constant initial catalyst concentration (20).
These results are also in agreement with the mechanism pro-
posed in this study, the initial step of which involves the for-
mation of an acid-catalyst intermediate.

Recently, a similar two-step mechanism was also reported
(21) for the homogeneously catalyzed esterification reaction
between levulinic acid and n-butanol, the only difference
lying in the removal of water and, hence, the assumption of
irreversibility for the rate-limiting step in our case.

TABLE 1
Results Obtained by the Application of the Model to Experimental
Data

Temperature (°C)  Cey" X 107 Kb x 10 K. °x10° kzd s

200 9.9704 6.9027 62622 0.11055 0.9990
225 9.9163 9.3122 409.33  0.22942 (.9995
250 9.9143 14178  6.5134 2.19556 0.9998

?CoCl, concentration on an anhydrous basis, % by wt. bwt%)~ (miny ",
(wt%) L. dwt%)™ (min)~". Correlation coefficient.
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This study is being continued with experiments on the ap-
plicability of the proposed mechanism and kinetic expression
for different acid catalysts and other esterification reactions.
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